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ABSTRACT

Theradial electric field E,, and particularly its gradient, has been invoked by various theories and
empirical modelsasacrucial parameter for determining the transition to high confinement regimes,
such asthe onset of an Internal Transport Barrier in the plasma core and of the H-mode pedestal at
the plasmaedge. Following arecent absol ute calibration of the charge exchange diagnostic system,
we have evaluated the uncertainty on the calculated E,. Starting from the neoclassical moment
approach of Hirshman and Sigmar, simple approximations have been used to reduce the full matrix
calculation to a set of analytical formulas, adapted for the 2D toroidal geometry of JET to describe
all collisionality regimes (banana, banana-plateau, Pfirsch-Schliter), and to include a calculation
of the error bars on E,. Here we compare this analytical calculation with the results of the JETTO
and NCLASS codes. Specifically, we assess how different approachesto treat numerically certain
input plasma parameters for this calculation (ion density and effective charge profiles) can yield
very different resultsfor E,. Thisis particularly clear for the plasmaedge, where the contribution of
the toroidal rotation velocity to E, becomes small and comparable to the poloidal velocity and
pressure components: hence uncertaintiesin theion density profiles dominate the cal cul ation of E,.
On the other hand, excluding such edge and core regions of the plasma (where the typical scale
lengths become comparable to theion poloidal Larmor radius), we find a striking similarity in the
shape of E, in L-mode and ITB plasmas, and we demonstrate the role of prompt fast ion losses
when comparing H-mode plasmas with forward and reversed ion VB-drift direction. Our analysis
points clearly to the need for routine measurements of the poloidal velocity and E, if detailed
comparison with code predictionsand empirical scaling lawsareto be madefor studiesand modelling
of improved confinement regimes.

1. INTRODUCTION.

Theradial electric field E;, and particularly its gradient VE,, has been invoked by various theories
and empirical models as a crucial parameter for determining the transition to high confinement
regimes, such asthe onset of an Internal Transport Barrier (ITBs) inthe plasmacore[1,2] and of the
H-mode pedestal at the plasmaedge [3]. Various classic examples of these studies are given in the
review papersindicated in Ref.[4]. Hence, itiscrucial to obtain detail ed and accurate measurements
of the time-and-space evolution of E/(r,t), with an assessment of their uncertainty, for validating
such model calculations, if reliable predictions of improved confinement regimes are to be made.
Theradia electricfield isnot directly measured in the JET tokamak [5] at the present time, and for
along time it has been routinely computed mixing the contribution of different ion species: the
measured carbon toroidal rotation, the computed deuterium pressure gradient (from the measured
ion temperature and computed deuterium density), and the computed neoclassical mass-averaged
ion poloidal velocity. This approach contradicts the fact that E (r,t) is an overall property of the
plasma, common to all ion species, henceit should be computed independently for the main and the
impurity ions, to check the consistency of the numerical results. Some earlier measurements of the



edgeradial electric field wereindeed performed in JET to assessitsimportancein the L-to-H mode
transition [6], but have not been routinely repeated since the hardware and views were changed.
Based on the neoclassical moment approach of Hirshman and Sigmar [ 7], an analytical formulation
was initially developed in Ref.[8] to reduce the full matrix calculation to a set of readily tractable
equations. Thevalidity of thisapproach for the JET tokamak was verified by comparing theinferred
deuterium toroidal rotation velocity with that obtained from the Doppler shift in the frequency of
radially localised magneto-hydrodynamic modes [9]. This analytical formulation was extended to
all collisionality regimes (banana, banana-plateau and Pfirsch-SchlGter) to include the 2D geometry
of the JET flux surfaces, averaging over the ion orbit width. Furthermore, following up from a
recent absol ute calibration of the JET Charge eXchange (CX) diagnostic system [10], we have also
included an analytic calculation of the error bar on the 3D radial electric field profile E(r,t).

In this paper we compare the results of thisanalytical calculation with the results of the JETTO
[11] and NCLASS[12] codesfor varioustypical JET plasmascenarios. L-mode, ELMy and ELM-
free H-modes (with normal and reversed ion VB-drift direction), and ITB with a deeply and
moderately reversed safety factor profile. In particular, we assess how different approachesto treat
numerically certain input plasma parameters for this calculation (essentially the ion density and
effective charge profiles) yield rather different resultsfor E,. Thisisparticularly clear for the plasma
edge, where the contribution of the toroidal rotation velocity to E, becomes small and comparable
to the poloidal velocity and pressure components, with significant implications for testing theories
that associate the L-H transition to the edge values of E, and VE,.

This paper is organized as follows. Section 2 gives arapid overview of the core CX systemin
JET, with particular focusto its absol ute calibration, and Section 3 briefly describesthe JETTO and
NCLASS codes. In Section 4 we overview the neoclassical moment approach of Ref.[7] and how
we have adapted and extended it to the specific JET case following up from the methods described
in[8,9]. Section 5 presents the comparison between various model cal culationsfor theion poloidal
velocity, whose role is particularly important in determining the radial electric field where steep
pressure gradients exists, such as at the plasma edge (L-to-H mode transition) and towards mid-
radius (ITB formation). In Section 6 we present in details the error analysis we have adopted here,
focusing specifically on the contribution of the uncertainty in the raw datawhen taking their gradients,
and on the use of different numerical approachesto fit, inter- and extra-polate the “raw” input data.
Section 7 presents the comparison between the JETTO and NCLASS code calculations and the
results of our analytical formulation for a reference JET plasma undergoing the L-to-H-mode
transition, to estimate the differencesin the resulting E(r,t) dueto the different choices for numerical
treatment of the input data profiles, and compare these differences with the uncertainties in E(r,t).
Sections 8 and 9 present the results of our analysis for the two groups of JET operating regimes we
haveanalysed here, the L-to-H modetransitionin the conventional tokamak scenario (with amonotonic
safety factor profile) and the I TB formation in the advanced tokamak scenario (non-monotonic safety
factor profile), respectively. Findly, in Section 10 we discussthese resultsand present our conclusions.



2. OVERVIEW OF THE CORE CX SYSTEM AND ITSABSOLUTE CALIBRATION.
Inthis paper, the charge-exchange diagnostic provides the measurements of theion temperature T;,
of the carbon toroidal rotation V- and of the carbon density n¢ profiles over the radial interval
2.9<R(m)<3.8, where R isthe plasmamajor radius along the midplane. It isimportant for the scope
of this paper to briefly discuss the issue of statistical and systematic error on these measurements,
but the issues related to the spatial resolution of the measurements will however not be considered
here. A complete description of the method used for the absolute calibration of the JET core CX
diagnostic and itsresultsis given in [10]. Theion temperature and toroidal velocity are determined
from the Doppler broadening and the Doppler shift of the ct charge-exchange line (5290.54A),
respectively. The error on T,(r,t) isonly of statistical nature, being related to the result of the multi-
Gaussian fit used to analyse the features of the C® line. On the other hand, the error in Vc(rit) has
two components: a statistical one resulting from the multi-Gaussian fit and a systematic one linked
to the uncertainty in the angle between the line of sight and the toroidal direction at the intersection
volume between the neutral beam injection (NBI) trgjectory and the line of sight. The carbon
concentration at this position is calculated from the measured emissivity of the CX line using
knowledge of the CX cross-section and the fast neutral density in this observation volume due to
the injected beam ions, deduced from a beam attenuation code. The error on n(r,t) is hence the
combination of a statistical error, related to the measured emissivity of the CX line as determined
from the spectral fit, and of asystematic error. For the |atter, we do not consider the uncertainties of
the fast neutral densities in the intersection volume as determined by the beam attenuation code,
but only the uncertainty in the position of this volume. Overall, following the detailed calibration
work presented in Ref.[10], it was determined that the absolute error ¢ is 6(ng)=0.3nc,
G(V¢C)z0.15v¢c and o(T;)=0.05T;.

3. OVERVIEW OF THE JETTO AND NCLASS CODES.

JETTO [11] isa 1.5 dimensional transport code solving equations for the plasma current, the ion
density, the electron and ion temperature and the ion toroidal velocity. In addition JETTO uses the
effective charge Z =2 niZizlne and an average charge state for impurities to estimate the electron
density and the impurity concentration. Thetoroidal velocity appearing in JETTO equationsisthus
aquantity mass density averaged over the main and impurity ion speciesin the plasma. JETTO has
been coupled to NCLASS[12] for the computation of neoclassical transport coefficients. NCLASS
follows the formulation of Hirshman and Sigmar [7] and solves a matrix for plasma flows within
and across magnetic surfaces derived from the parallel and radial force balances for plasmas with
multiple ion species. A very important difference in the treatment of impurities between JETTO
and NCLASS is that, asindicated previously, JETTO uses an average charge state for impurities,
while NCLASS treats each impurity charge state separately. To combine the two codes it has been
chosen to split the effective charge in JETTO between neighbouring states for input to NCLASS
and then collapse the resulting NCLASS output to a set of effective quantities that conserve the



sum over the charge states. The advantage of using JETTO and NCLASS together is that one can
then take into account realistic plasma equilibria and geometries and avoid many of the
approximations that are used to derive ssmple analytic expressions for neoclassical quantities.

4. ANALYTIC TREATMENT OF NEOCLASSICAL MOMENT APPROACH.
Theradial electric field E(r,t) is computed from the force balance equation

Zenl(r, ) dpgr’ ! + sign (By)Vy(r, 1)[B,(r, D] =V,(r, 1)By(r, 1), (1)

E (rnt)=

wherethe pressure (p), density (n), charge (Ze), atomic mass (A mp) and rotation vel ocities (toroidal,
Vg and poloidal, V) are all species dependent quantities, Bo and By are the toroidal and poloidal
magnetic field, respectively, and r istheradial coordinate along the plasmaminor radius. Note that
thetoroidal magneticfield isasigned quantity, negativein the standard JET operating configuration
(counter-clockwise when viewed from above the plasma midplane). Since E, isan overall property
common to all the ion plasma species, using in Eq.(1) quantities for the main (deuterium, D) and
theimpurity (carbon, C) ion speciesmust givethe sameresult, withintheerror bar of the measurement
and caculation. The condition E,~~E,, has been verified for al the discharges analysed here, giving
2X|E,p-E,cl/|E;p*E;c|<15%, comparable to the uncertainty in the calculation of E, (see Section 5).
This condition is a basic consistency check of the calculation: if E,#E,p within the error bars, then
there must for sure be an error in the calculation. The condition E,~=E, isnot astandard result, in
the sense that by using different ion density and Zg profiles one can easily get E,#E,p, i.e. with
the difference larger than the error bar on the calculated radial electric field. To evaluate Eq.1, we
have used the CX measurements of the carbon density nc, of theion temperature T-=T=T;, of the
carbon toroidal velocity Ve and of the magnetic field, using the Motional Stark Effect (MSE)
diagnostic to measure the safety factor profile q(r), hence evaluate By,

In this work we start from the neoclassical moment approach of Hirshman and Sigmar [7],
which is derived for plasmas composed of electrons, one main ion species (deuterium) and only
one impurity ion species, carbon in our case. This approach involves solving matrixes for plasma
flows within and across magnetic surfaces derived from the parallel and radial force balances for
plasmas with two ion species, which requires the use of heavy computational tools. An analytical
approach to compute the various neoclassical coefficients determining the deuterium toroidal velocity
V yp and the carbon and deuterium poloidal velocitiesV g and Vg, has been developed by various
authorsusing different simplificationsfor the plasmageometry and the physicstermsto beincluded.
The clear advantage of such analytic approaches is that they make it possible to investigate in
greater details and with much more “experimental” control certain aspects of the full-matrix
neoclassical formulation, without having to rely on heavy and often cumbersome computational
tools, which may become somewhat difficult to interpret and understand at times.



Following Ref.[ 7] and starting from the general results of Ref.[8], the differential toroidal rotation
velocity between the deuterium (computed) and carbon (measured) AV =V p-Vc isgiven by:

2 2
S w VinoPeD 3B, Lp ZpTe L By
AV¢— - SIgI’l(B(D) T K2 1 - > - L 1 - 7 L 1 - 2 ) (2)
™ <B™> pD c'D pC <B™>

where the (r,t) dependency has been dropped for clarity. Here vy, and pg are the ion thermal speed
and poloidal gyroradius, respectively, B isthe total magnetic field, taken as B:(B¢2+Bez)y 2 (thus
neglecting for simplicity the diamagnetic, radial and vertical components), and the brackets <>
indicate flux surface averaging. The pressure scale length Lp is related to the temperature and
density scale lengths L+ and L, by 1/Lp:1/LT+1/Ln. Here 1/L y=d(InX)/dr, thusthe scale length is
negative for aquantity that decreases with the minor radius. We wish to point out here that the use
of theterm sign(Bq)) in Eq.(2) and below alows usto apply the sameformulation for all pulseswith
the same plasma helicity, i.e. sign(B¢Ip):constant, which is the usual JET operating scenario. A
more complex analytic formulation can also be derived for a non-constant plasma helicity, i.e.
when the directions of the plasma current and toroidal magnetic field are independently reversed.
Equation (2) has been obtained by neglecting the electron contribution to the viscous and friction
forces and the impurity viscous force compared to the friction force between the impurity and the
main ion species. Defining the impurity strength parameter oc:(nCZCZInDZDZ), the parameter K, is
given as function of o. and [3:(6.75AD/AC)2/[7.5+(20cAC/AD)” 2] as:

Ky = (Mgghty; — “31)/ D, (33)

D= gy [+ 2+ 0(1-)-u5]. (30)

The coefficients ; entering the calculation of K are those for the main ion species, but these are
species-dependent quantities (hence the superscript s below) given by the genera relation:

GHBA

ij, S

(1+2.92v, 12" /ui'j"LS)(l +uft/ uiTgl o/ 15/ 6) - (4)

Hij, s~

Thisformulation provides a clear and simple analytic format for the transition between the various
collisionality regimes, indicated by the acronyms BA (banana), PL (plateau) and Pfirsch-Schlter
(PS), using a Padé approximation of the different mij coefficients as function of the normalised ion
collision/bounce frequency v*. Using py;=2.51gp-Kq1, and noting that Eq.(4) also appliesto Ky,
the wgo, 1qq and kg, coefficients for the main ion species (here deuterium) are given by:

sn  053+o g bs 3.02 + 4.250,

Moo, 0= 35 Moo= 177 Mypp~ '
00, D 532 00, D 0.0 523+ ¢(5.32 + 2.401)

(58)



139+3250 o bs 15.18 + 26.97a
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= ———— Uy p= 576 .Hyp= ,
H.0 s32 1o P 223+ (5,32 + 2.40) (50)
o _ OTL*O o s 1243+201%
LD g2 P TTT LD 5034 (532 + 2.40) (5¢)

The, j coefficients for the impurity ion species (here carbon) and electrons can be obtained from
those for the main ion species with the substitution o.— 1/ for the impurities and o—Z g for the
electrons. In Eq.(4) G=Frrap/Foire iSthe trapped/circulating ion fraction, Frpap=Ve(1.46-0.46¢)
in the large aspect ratio limit (FrgaptFcirc=1), Where e=r/(Ry+,) is the normalised local minor
radius (R, being the position of the magnetic axis), and

1 d
X:|: ﬁ_v Bj|’

° |ngZee dr % (62)
L AntAg Xs | dlog(RBg) dlog(Xg)
5= 1- os - ! (6b)
Zg VineBo dr dr
> 4/ATE
T,= 6.6x10 2 + , logA = 17.3-log (ny) + 1.5log (T;) - 3log (), (60)
nZ, 10gA,

2
o, |[B A G/146
V= 1+ 0283+ o |[—

T2l LVB /A [1 L7(01- chc)z} (6d)

In Eg.4 S<[0.8-1.2] is the orbit squeezing parameter [13], which applies only to the BA regime,
o;=Vy/g/Ristheion thermal transit timefrequency, T istheion slowing-down time and v. has been
generalised here to include its trapped particle scaling [14] and all ion/electron, ion/ion and ion/
impurity collisions; R=Ry+r is the plasma mgjor radius, and the numerical factorsin Eq.6(c) are
evaluated for the temperature in units of [keV] and the density in units of [1020m"3] . Note that the
definition of v* adopted here is rather different from the most common one, v*X:qRe"‘Q’/Z/rD/vthD,
but the two correspond in the large aspect ratio limit when only ion-electron collisions areincluded.

Starting from Ref.[8], the neoclassical formulation of Vo depends onthe collisionality parameter
K, and on the temperature and pressure scale lengths as (pq) being the ion toroidal gyroradius):

K1:u01[A2+ a(z_ﬁ)]/o, 0

Vino Pob |BBy|
oL <B?> (89)
TD

Vg = —Sign (B¢) K,
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Vo= - sign (Bq)) K,
pC

Alternatively, by neglecting the contribution of the ion and impurity pressure scale lengths to the
poloidal velocity, a different approach can be used to derive the neoclassical coefficient kygq, SO
that Vg=kneoV T, asrecently introduced by Tokar in Ref.[15]. Here a Padé approximation of Kygq
asfunction of v.y was considered. Hence, alternative expressions for V- and Vg were obtained
as.

VgpsP
VD= _ o NEO _ ths"¢S
V(D= - sign (B,) ks Ao (9a)
0.061 + V2 €32 vS - 0.703
kFO=1.83 e
) S s }
0.222 + v3 e7¢ v +0.302 . (9b)

The neoclassical theory used to derive Eqgs.2-9(b) is expected to break-down when the scalelengths
aremuch shorter than the mainion poloidal gyroradius, L’s<<pgp. Thistypically occursinthehigh
magnetic shear region at the plasmaedge or in the core of plasmaswith adeeply reversed g-profile,
where pgh=L'sevenfor flat (density, temperature) profiles since By—0 over alargeregion (i.e., not
only on the magnetic axis). A practical spatial limit for the validity of the neoclassical theory in the
plasma core is then to take the ion banana orbit width, 8g\=0pe/Ve, and linearly extrapolate the
results towards the magnetic axis for all points 0<r<ég -

The validity of Eq.(2) wasfirst experimentally verified on the Doublet 111-D tokamak (DI11-D)
[16]. Direct measurements of the ion toroidal rotation velocities were performed using CX
recombination spectroscopy of the mainion species, He2+, and of theimpurity ion species c% and
B>* in DINI-D helium plasmas with a monotonic g-profile [17]. The right hand side of Eq.(2) was
computed from the measured profiles and showed avery good agreement with the measurement of
AV, theonly significant discrepancy arising in the high magnetic shear region at the plasma edge.
Thevalidity of thisapproach for the JET tokamak was successfully verified in Ref.[9] by comparing
the inferred deuterium toroidal rotation velocity with that obtained from the Doppler shift in the
frequency of radially localised magneto-hydrodynamic modes.

It is important to note here that for comparison with codes such as JETTO and NCLASS,
flux-surface averaging of Er, Vo and Vg is needed. This operation can be treated analytically (but
for theflux surface expansion towardsthe X-point) using the original straight-field line approximation
of Merezkhin [18], adapted here to include the plasma elongation and triangul arity, following from
the derivation presented in Ref.[19]. This method is valid up to x=0.95 for low-B4 plasmas in the
limit of low edge triangularity Sgs, such that 8gs/kgs=0(e(X)) and Bg=O(Ve(x)), where x=\'y is



our radial coordinate, yy, being the normalised poloidal flux Thevalidity of thisanalytical treatment
of the flux-surface averaging is checked by comparing its results with the JETTO onesfor the flux-
surface averaged radial profilesof n,, T, T; and By. The transformation between the “real toroidal”
and the “analytic circular” flux-surfaces is obtained as (R,Z)—>[Ry+Agyap(X), IX)r(x)]. Here the
Jacobian J(x) of the transformation between a “true toroidal” flux surface and its geometrical
approximation using an ellipse distorted by triangularity, with the centre displaced by the Shafranov
shift Agyar is J(x):[1+1<2(x)] ﬂ2[1+26(x)/n]/\/2. Hence, flux-surface averaging of a quantity X
whose profile is a function of R is obtained using the geometrical factor J2/(232-1)1/ 2, so that
<X>:X*[J2/(232-1)”2]. All data presented in the following sections are to be considered as flux-
surface averaged values.

A second point to discuss hereistheradial averaging of E,(x,t) over theion orbit width, whichis
not considered in JETTO nor NCLASS. Following from the analysis of Ref.[20], in the usual case
of a monotonic g-profile the trapped ions have al banana orbits with guiding centre on a given
flux-surface: the banana orbit width is 8gan=0pg/Ne~3+10cm. However, for the case of a non-
monotonic g-profile, an important fraction of the trapped ion orbitsis represented by non-standard
potato ones, whose width much exceed that of the typical banana orbits. Continuing and extending
the work of Ref.[20], the width of a potato orbit can be analytically estimated as:

2/3 23 o j
2q1)L B 4qp, £ 16R,

Opor= R, R =R R, q | Sgay | (10)

3

wherev J_:\/thh istheion velocity perpendicular to the toroidal magnetic field, Q¢:ZeB¢/Ampc IS
the ion cyclotron frequency, and typically we have that 6pq1=20(e/q)dgap fOr Ogan>T- TO Obtain
an analytic treatment of the averaging over theion orbit width, we have considered that all banana
(and potato) orbits have the same width for ions whose guiding centre lies on a given flux-surface,
hence neglecting the formal and very complex averaging over the exact ion velocity distribution
function. Again following up Ref.[20], we have empirically estimated the potato/bananaorbit fraction
as.

Feor - [/e = 5] 190 = 8ga) = Gy qr=5.)
Fo MIN /\/§+ 9 q(x=095) - gy, BAN/ 1, (11a)
E 4 E - |Gy = 9 (= S|
POT * " BAN™ Gy = O (F = Bg)| | TRAP (11b)
5. = Foor %ot + Fean Ogan "
ORB ’
Foor* Faan ’ (o)

where g,y 1S the minimum in q(x), s(x)=(r/q)(dg/dr) is the local magnetic shear (s, being the



value on-axis), and 6 g isthe effectiveion orbit width used for the radial averaging of E,(x,t) and
itscomponents. Note also that Fpyp+Fgan=Frrap fOr amonotonic g-profile, where gy, n=0(r=dg an)-

5. EVALUATION OF THE ION POLOIDAL VELOCITY.

Theradial electricfield E(x,t) given by theforce balance equation, Eq.(1), containsthe contribution
of thetoroidal (V¢><Be), poloidal (V9><B¢) and pressure gradient (Vp/neZ) components. Thetoroidal
component istypically the dominant one since |V9/V¢|zo(|Bel B¢|) and, moreover, the neoclassical
poloidal and pressure gradient components often almost cancel out each other, leaving aresulting
negligible net contribution to E,(x,t). However, thisis not always the case towards the plasmaedge,
typically for x>0.9, where we often find that |V o/V 4 |=O(|B¢/B,|) because of the large reduction in
the toroidal velocity due to a much smaller momentum input, and similarly may not be the case if
V(x,t) isanomalous (i.e. non-neoclassical), for instance at the ITB location. The carbon poloidal
rotation velocity profile Vgc(x,t) is indeed directly measured in many machines over the entire
plasma cross-section, see as examples the results of Ref.[17], but thisis not yet the routine casein
JET dueto certain difficultieswith the present diagnostic setup, and indeed anew diagnostic system
iscurrently being installed to correct these problems. In the following we have therefore decided to
usetheneoclassica vaueof Vg(x,t). Hence, it isparamount to assess such neoclassical calculations,
using the complete NCLASS formulation in comparison with the ssmplified analytical treatments
provided by Eqs.8(a), 8(b) and/or Egs.9(a), 9(b).

Figures 1(a) and 1(b) show the flux-surface averaged <V 4> and <V yp> calculated over the
entire plasma cross-section using the same JETTO input profiles (with no orbit width averaging) at
two time points during the L -mode and H-mode phase, respectively. We notice that the V  cal cul ated
using NCLASS and Egs.8 (a), 8 (b) are similar to each other in the L- and H-mode phase, with only
small differences in the plasma core, for x:\/\uN<O.2, and at the plasma edge, for x>0.9, where
<Vgc> from NCLASS s large and negative, particularly in the H-mode phase. The differences
for x>0.9 cannot berelated exclusively to the treatment of the edge flux-surface geometry, and
are thus indicative of further terms which are not properly captured by the analytic treatment
of Egs.8(a), 8(b). Further differences also arise when considering the various methods for
inter/extrapolating the input data, as described in Section 7. Figure 1(b) also shows that the
calculated <V9DVT>:<kNEO'DVT> is very different from the other two, notably in its sign.
Thisdifferenceis particularly significant in the H-mode phase (and similarly appliesto the L-mode
and I TB plasmas we have analysed) because of the different pressure scale lengthsfor the main and
impurity ion species. We conclude that the simplified approach of Ref.[15] may not be completely
adequate to capture the essential features of the neoclassical calculation of V. On the other hand,
Fig.1 convincingly shows that the intuitively simpler (computationally much faster) analytical
formulation devel oped hereindeed reproduces sufficiently well the complete NCLASS calcul ations.

Sinceit has not yet been convincingly demonstrated that indeed V g ~(x,t) isneoclassical, the use
of such value for computing E,(x,t) is obviously introducing an error which is difficult to quantify,
particularly at the plasma edge where we can clearly have that |V9/V¢|z0(|Bel B¢|) due to the low



toroidal momentum input. Hence, all the results presented in the following sections have to be
taken with the caveat of having used the neoclassical value for Vg(x,t), therefore the calculated
radial electric field E,(x,t) is obviously to be intended purely as the neoclassical one.

6. ERROR ANALYSIS.

An accurate and systematic error analysisis needed in order to assess the validity and the possible
applications of the various model s proposing the spatial and temporal evolution of theradial electric
field as a crucia parameter for the transition to high confinement regimes. Here we estimate the
total uncertainty on the neoclassical calculation of E.(x,t) using a Gaussian propagation of the
errors on the measured quantities which enter the formulation presented in Section 4. Note that for
our error analysis we assume that the spatia grid x:\/\uN where the measurements are made is
known exactly a-priori, i.e., to befreefrom errors. Typica valuesfor the statistical absolute error ¢
on the magnetic field and safety factor profilesare G(Bq))zO.OSBq, (dueto uncertaintiesin the current
in the main toroidal field solenoid) and 5(q)=0.1q, giving for the poloidal field 6(Bg)=0.12B; on
the electron density profile o(ng)=0.1n, in the plasma core and 6(n,)=0.3n, at the plasma edge, for
x>0.85; on the carbon density and toroidal rotation velocity, ion temperature and effective charge
profiles 6(;,0)~0.3,c, 6(V 40)=0.15V ¢, 6(T;)=0.05T;, and 6(Z gr)~0.2Z g, respectively. Theerror
on the deuterium density profile np(x) depends on 6(Zggr), 6(ne) and o(n¢) through conservation
of thelocal charge neutrality (see also Section 7) X, Z;n;(X)=ng(x) and of Zgee(X)=2n; (x)ZiZ/ne(x),
if used, given n(X), Zgep(X) and ny(x): hence we typically have that o(np)=0.4np.

In addition to the statistical error, arecent calibration of the CX diagnostic has provided for the
first timethe evaluation of the systematic error on n, hence np, which arerelated to the calculation
of the active CX volume[10]. These systematic errors, of the order of 6y 57~10% areimportant to
evaluate the uncertainty on the calculated E, for a single pulse, but obviously can be neglected
when comparing various discharges for which the same absol ute calibration applies. The systematic
errorson the CX measurements are shown in Fig.2 for one of the calibration shots, wherethe labels
in the legend indicate different methods for computing the CX active volume.

To the Gaussian propagation of the uncertainty on the basic plasma measurements, we have
added a “most probable” estimate of the error due to taking the gradients of these data, as in the
calculation of the scale lengths. Consider now a quantity y(x) described by a Gaussian probability
distribution function Py yy=y]=exp[~(y-y;)?/6°(y,)], where o(y,) is the uncertainty on the
measured y(x=x,): hence we have that, for instance, P[y(x=xl):ylirc(y1)] :(1/e)><P[y(X=X1):y1].
Therefore the error on the gradient (dy/dx) between the two points X, and x; can be defined as:

s s v-y)?|  [dy A |
JoPo Joee ey T holal, i I @ o0 000 a2
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Here zis given by Ply(,,1)=Y1£(zt€)o(y4)]=0 for e=0(z). Since erf(z)~1 with d[erf(z)]/dz~0 for
z>3, we can now consider the practical casesz=1—3: hencethe error on taking the gradient between
two pointsis approximately Vr*Verf(1—3)=1.63—1.77 larger than the usual geometric error, and
overall can account for up to approximately 25% of thetotal error on E,. This probabilistic approach
to evaluate the error on the gradient is conceptually different from the result obtained by taking the
Gaussian propagation of the errors on the two y-points, o AUSS(dy/dx):[cz(yl)m(y)]1/ 2 Asan
example, consider the case 6 (y,)=o(y,,): we havethat 6(dy/dx)/c g ss(dy/dxX)=VmVerf(3)/N2=1.25.
Hence the error on the gradient, as defined in probabilistic terms by EQ.(12), is generally larger
than that given by the Gaussian propagation of the errors on the two data points[y,,y,]. Only inthe
case of locally poor raw measurements such that o(y,)>>c(y,) we have that the probabilistic error
islessthen the Gaussian one, 6(dy/dx)/cayss(dy/dX)=1.77[c(y,)/o(y4)] ﬂ2<1, but obviously this
situation is not one that should be considered asideal for further detailed theoretical and modelling
analysis. The advantage of using Eq.(12) to determine the error on the gradient, instead of the more
common Gaussian propagation, isthat we can give the correct weight to the probability of acertain
gradient to occur between two points, which allows us to avoid unphysical results in our error
analysis.

Simplified analytical expression for the statistical error on the computed deuterium toroidal
rotation velocity, carbon and deuterium poloidal rotation velocity and radial electric field are thus
given by:

oW, )= O+ OV, Y B2 &)+ 07 (B,)+ (- F Y o? (V7)) (13a)
Wy )=o (K )+ B)+(-F Y5> (VT), (13b)
o Wa )=AJo K Vit + XV + Fyo W), (13¢)
- VpD 5 B ) ]: ) B 1/2
o(E. )= (ﬂ) o (”D)Jr[(l F, )Lpl)7D:| > (Vp, )+
r ) ) , (13d)
_+B¢ [72 (VGD )+ VG%EZ (B¢ )]-l_Bg Bz (V¢D )+ ti)gz (Be )
- Vpc 5 B i ]: 5 B 1/2
N B S [ e R N
<8, i )+vic 6,k B, b U ) vio 8,)]

In Egs.13(a)-13(e) 6(X) =o(X)/ X indicatestherelative statistical error on the quantity X and:

(k)= (K.)= 2" o 1)+ (o), (149)

pMp
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2 ZZ LZ
X =0’(K,)+2.250%(K, )+ LzTD FLie*(VT)+ Fo*(Vp, )+ ZL;L;D F'&*(Vpe)|, (14b)
pD CcpC
ZDLPD LTD

L,=1- F,=K, +15K,-L,

cpC pD

dlog|L dlog|L _ dlog|L
F, = sign(L,, )7| TD|  F, = sign(LpD )—‘ pD‘ , F; :szgn(LpC )—‘ pc‘ ) (14d)
dlogT dlogp, dlog p,
The systematic error on the computed V p, Vg and Vgp, E;c and E;p, is obtained by substituting
ogyst(Nc)—o(ng), ogyst(Np)—o(np) and ogyst(T)—o(T) in Egs.(13,14), with
(2, 2 1/2
O7o1=(0"+0 sysT) ™

, (14c)

7. E-FIELD//NCLASS COMPARISON FOR A REFERENCE L-TO-H MODE PLASMA.
The steady-state L- and H-mode phases of Pulse No: 57819 have been chosen here for a detailed
comparison between the JETTO and NCLASS codes and our analytical formulation (referred to
with the label “E-field” in the following), and for a systematic assessment of the difference in
E,(x,t) resulting from the various constraints on the processing of the raw input data. Note that
JETTO and NCLASS use by default the same input data, which can also be used by E-field for a
direct comparison alowing the separation between the role of input profiles and that of the anaytical
approximation employed by E-field. Figure 3 shows the main plasma and magnetic field data for this
discharge: note T;=T,, The various profile quantities were computed using spline fit interpolation, and
Nnp Wasobtained using themeasured n- and n,and conservation of local chargeneutrdity, n.=n~Z~+npZ.
A possible source of uncertainty in determining E,(x,t) comes from the fact that the input data
for the neoclassical calculation are measured on different spatial and temporal grids, and thus need
to be inter- and extrapolated onto the same (x,t)-grids. Thisis done in E-field using either linear,
spline or cubic (with Hermite polynomials) fitting routines, with the constraint that the fitted values
are within the s-confidence level of the measurement. The fitting routinesimplemented in JETTO
and NCLASSdo not useasimilar constraint, hence these often produce different input data profiles.
The differences resulting from the application of these methods are demonstrated in Fig.4, which
shows various input plasma data and computed neoclassical quantities for the H-mode phase of
Pulse No: 57819, for which the CX measurements were availablein theregion 3.15<R(m)<3.8. As
expected, there is no difference between the cubic, spline and linear fitting methods when
interpolating over the range of the CX measurements. Conversely, we notice the clear differences
between these three methods when extrapol ating the CX datatowards the magnetic axis (R=2.93m)
and the plasmaboundary (thelast closed flux surface from the equilibrium reconstructionislocated
at R=3.98m), with clear implication on the computed Voo Vec andVgp, hence E,(x,t). The choice
of the fitting method can in principle affect the resulting E, at the plasma edge and in the plasma
core due to the complex dependency of E (x,t) on the temperature, density and pressure gradients.
Hence, for the E, calculations presented in Sections 8 and 9, we have first considered all the three
fitting methods indicated above, then chosen a reference one, and have only accepted the result if
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the difference in E, when using the other two methods is below the estimated total error:

P 2 1/2
E,-E E,-E,
O ror (E,)= {O'Z(En )+ 4[%) o’ (E,, )+ 4(ﬁJ o’ (E, )} : (15)

rl rl

Here E,x and o(E,y) arethevauesof E, and 6(E,) evaluated using the reference choice of numerical
method (subscript 1), and the other two alternative choices (subscripts 2 and 3), respectively.
Two additional constraintsfor fitting and inter/extrapolating the ion density profiles may be given
by conserving thelocal charge neutrality, >;n,Z,=n,, and the effective charge Zg =2, niZZi/ne, which
can be directly measured via Bremsstrahlung or constructed using a-priori knowledge of all the ion
and impurity density profiles. It must be noted here that in the framework of the neoclassical theory
of Ref.[7], only carbon and deuterium should be considered in determining Zgr, Whereas the
Bremsstrahlung measurements include the contribution of all impurity species, mainly B, H, and
H for the JET plasmas considered here. As an illustration of the differences that may arise when
using additional impuritiesto evaluate theion density profiles, we have compared two approaches.
First, we use the measured n, and n. and local charge neutrality n-Z-~+npZp=n, to deduce the np
profile. Second, we consider the Zg profile from Bremsstrahlung, then include only B, Hg,and H
keeping afixedratiofor B/C, H/C and H/D asgiven by the spectroscopic and D /H, measurements
in the divertor and at the plasma edge (measurement of the radial profiles of these ratios are not
available), and compute the n., np and n,, profilesto conserve the local charge neutrality. With this
approach, we have now obtained an ng(x,t) consistent with Zg from Bremsstrahlung which,
however, does not necessarily match the measured ny(x,t) (using LIDAR and interferometer). With
this approach, ny istypically ~20% lower in magnitude, with no significant change in the shape of
the profile, whereas the n. profile can vary by more than ~50%, particularly just inside the edge
pedestal region due to the presence of B, (and Hg to aminor extent). Figures 5(a) and 5(b) show a
comparison of the deuterium and carbon density profiles obtained using these two methods for the
L- and H-mode phase of Pulse No: 57819, which clearly illustrate the differences in the resulting
nc and np profiles. In the following, due to the rather arbitrary choice of keeping afixed ratio for
the B//C, H/C and H/D profiles because of lack of spatially resolved measurements, we have used
the measured n, and n¢ (from the absolutely calibrated CX measurements) and we have imposed
the local charge neutrality n.=n-Z~+npZp as a constraint to deduce the np(x,t) profile. The JETTO
code computes the ion density profiles using local charge neutrality and an input Zr, taken from the
Bremsstrahlung data.or auser-choice profile. Thissignificantly affectsthe calculation of the density and
pressure gradients, particularly at the plasmaedge, producing afurther differencein the output E,(x,t).
A further point to consider hereistheradial averaging of the input data, and particularly therole
of the ion orbit width. The JETTO and NCLASS codes do not consider averaging over the ion
banana or potato orbit width, 85 ,n=0pg/\e and dpor=Ro(4dpy/ RO)2/ 3z20(e/q)6B AN Fespectively,
whose main effects are to dightly shift inwards and largely smooth out the radial gradientsin the
temperature, density and pressure profiles. An example of this smoothing over the banana, potato
and effectiveion orbit width 65rg, as per Eq.11(c), isgivenin Figs.6(a) and 6(b) for the calculated
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poloidal rotation velocity and toroidal rotation frequency during the L- and H-mode phase of Pulse
No: 57819, respectively. As the reference case without orbit-averaging, we have considered the
results obtained using spline fitting without Z---normalisation of theion density profiles. During
the L-mode phase, we notice the clear smoothing of the double-hump structureinVg- and Vgp in
the plasma core, for 0.2<x<0.4. During the H-mode phase, note the disappearance of the large and
broad peak in Vg around mid-radius, and of the somewhat narrower peak in Vg towards the
plasmaboundary. Note also that the orbit-width average value can be globally lower than the non-
averaged one since we have used a “rolling” averaging process. The orbit-width averaged value
computed at an inner radius is used to infer the orbit-width averaged value at the outer radius,
starting from the magnetic axistowards the plasmaboundary and then reversing the direction of the
averaging process to remove artificial (i.e., purely numerical) radial shiftsin the overall profile.

Figure 7(a) shows the effect of the different numerical schemes used by E-field to calculate E,
for Pulse No: 57819 at t=3.5sec, during the L-mode phase. First, we note the excellent agreement
between E,~ and E, 5, which provesin principlethe validity of the analytic approximations devel oped
and used here. The choice of the numerical routines for inter/extrapolating is only important in the
plasma core, where the difference between the various E,’sis beyond the typical error bar. For the
case of splinefitting, the effect of the Z--normalisation from Bremsstrahlung is negligible because
of cancellation between the poloidal and pressure gradient component of E,. On the other hand,
orbit-width averaging slightly modify Vp/n, hence E,, in the plasma core, in the region
SpAN<P<2*OpqT, Where 8, ny~3cm and dpop~15cm. Similarly, Fig.7(b) shows the effect of the
numerical schemes used by E-field to calculate E, for Pulse No: 57819 at t=7.85sec, during the
steady-state H-mode phase. Here the effect of the different numerical routines used for inter/
extrapolating is less apparent, since the “raw” data profiles are smoother, whereas that of Zr-
normalisation of the ion density profile (using the Bremsstrahlung data) is much more evident,
increasing E, by about 40% towards mid-radius. We notice also the different sign of E, at the top of
the pedestal, for 0.8<x<0.9, which is due to a non-exact cancellation between the poloidal and
pressure gradient component of E,. This can have important implications for associating the L-H
transition to changes in E, at the plasma edge.

In summary, we conclude that the use of spline fitting routines for the input radial profiles may
sometimes lead to unphysical results when extrapolating if the second derivative of the raw data
goes through a zero and/or changes sign just before the region where extrapolation is needed. This
isawell-known problem, and care must be taken when using such spline-fitting routines. We find
that averaging over theion orbit width smoothes out radial gradients, anumerically and physically
sound result. We have also clearly demonstrated the (obvious, but too often underestimated) role of
the Z-normalisation when computing theion density profiles. Thismay lead to rather significant
changesin E, dueto its pressure gradient component, particul arly towards the edge pedestal region
where the usually dominant toroidal component of E, becomes small. The solution to this problem
is not clear: the neoclassical theory presented in Ref.[7], and itsimplementation in most transport
codes such as JETTO [11] and NCLASS [12], considers only one main ion and one impurity ion
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species, therefore Zge from Bremsstrahlung cannot be used in the calculation, but on the other
hand the typical JET plasmas contain a few more ion species than ssimply carbon and deuterium.
Hence, we have empirically dealt with thisdifficulty by adding afurther termto the error bar onthe
ion density profiles and Zgr, which contributes to about 10% of the total error on E (x,t):

2 Z;FF 2 2 L2
on,)= 2z, c’(n, 1+Z—2 +Z20%(n, 1+Z— 50 (ZEFF) (16a)
D D
Z(BREM)
o Yo 0(Zsr )\/1+ ;Ff . (16b)

To conclude this section, Figs.8(a) and 8(b) show the comparison of the flux-surface averaged E,~
and E, calculated with NCLASS and E-field at t=4.0sec, during the L-mode phase; Figs.9(a) and
9(b) show E, and E, at t=8.1sec, during the steady-state H-mode phase. In Figs.8 and 9 (and in
the following) the label “E-JETTO” indicates that the E-field code was run using the JETTO input
profiles (also used by NCLASS). Hence comparing “E-field” with “E-JETTO” allow us to assess
therole of adifferent numerical treatment of the input data, whereas comparing”“E-JETTO” with
“NCLASS’ elucidates the role of the analytical approximations used here. We used linear fitting
for this E-field calculation, with ny computed from the measured n. and n,, profiles using local
charge neutrality, without orbit width averaging (asin NCLASS). Note that the JETTO/NCLASS
standard output is the ion-mass-density averaged, flux-surface averaged radial electric field:

E _ ncAcE,c+np A, E,, 17
rep neA. +nyA, ' (17)

As demonstrated in Fig.8(b) and Fig.9(b), using E-field we obtain E ~(x,t)=E,p(X,t) within the
error bar in the calculation, thus mass averaging does not affect the value of E,:
E co(XO)=Ec(X)=E;p(X,1).

First, we noticethat during the steady-state L -mode phase (Figs.8(a), 8(b)), where theion density
and temperature profiles are rather flat up to x<0.8, the differences between E-field and E-JETTO
are mainly due to the different fitting of the measured Vic: The NCLASS and E-JETTO values of
E,(x,t) arein very good agreement in the region 0.1<x<0.9, which also indicates the validity of the
analytic treatment of thetoroidal flux-surfaces. Conversely, we notice that Vp20 with NCLASS on
the magnetic axis, hence E, becomes (incorrectly) large and negativein the plasmacore, and it does
not agree with the E-field and E-JETTO values. The discrepancy in E, at the plasmaedge (x>0.9) is
essentially due to the different Z, hence the ion density profiles, which in turn affects Vp/n.

Second, we notice that during the steady-state H-mode phase (Figs.9(a), 9(b)) the numerical
fitting methodsin JETTO/NCLASS do not reproduce well the typical H-mode edge pedestal in the
density and toroidal rotation, around x=0.9. This, together with the different Z--normalisation of
theion density profiles (JETTO/NCLASS use the Bremsstrahlung value), affects the edge val ue of
E (x,t): E;<0 for 0.85<x<0.95 with E-field due to the pressure gradient component of E,, but E~10kV/m
with NCLASS. As for the L-mode phase, E,<0 (incorrectly) on the magnetic axis with NCLASS,
but overal thereis an excellent agreement between the E-field and JETTO/NCLASS calculations.
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8. CALCULATION OF E, FOR
A) L-MODE PLASMAS.
Having checked in Section 7 the general use of the E-field code in comparison with JETTO and
NCLASS, we now turn our attention to the analysis of E, for L-mode plasmas so as to build some
understanding of the possible role of E, inthe L-H transition, which will be discussed throughout
Section 8B. As an example of a JET L-mode pulse, we consider here Pulse No: 58263, for which
the main plasmaparameters are shown in Fig.10: we note that diagnostic Pyg,=1.6MW was used to
supplement the main lon Cyclotron Resonance Frequency (ICRF), Pre=4MW. Figures 11(a) and
11(b) show the input data and the E, profiles cal culated at t=20.0sec during the steady-state phase
of the discharge, indicating the broadly general agreement between the E-field and NCLASSresults
but for V. Here the E, calculation was performed using splinefitting, with np(x) computed from
the measured n-(x) and ng(x) using local charge neutrality, with no orbit width averaging for a
closer comparison with the NCLASS results. We note in this respect that for the case of low-
temperature (<T,>=<T >=3keV) L-mode plasmas with amonotonic g-profile, orbit width averaging
does not introduce asignificant differencein the E, cal culation because the density and temperature
profiles are rather flat and we have as well that 65 \=3-8cm, dpor=10cm, with Fpqr/Fgap<0.01.
First, thereisasmall differencein the toroidal component of E, around mid-radius, whichisdue
to the different numerical treatment of the input Voc profile. Second, and more importantly, we
notice immediately that the toroidal component of E, goes to zero for x>0.85 since Vo=V 4p—0
because of a negligible momentum input. This implies that the balance between the pressure and
poloidal component becomes the dominant contribution to E, at the plasma edge. Hence different
approaches to compute the n- and np profiles (conserving charge neutrality with/out Zgpgr-
normalisation using the Bremsstrahlung data) will lead to significant differencesfor the calculated
E, at the plasma edge, as clearly shown in Fig.11(b): <E, ;p>=-10kV/m with NCLASS but E,~0
with E-field and E-JETTO, because of adifference balance between theVexB¢ and Vp/n components
at the plasma edge. With the above-mentioned caveat for the edge region x>0.9, from the analysis
of various JET L-mode pulseswe generally infer that E, has arather flat radial profileinthe region
0.2<x<0.85, with E=5+15kV/m (depending on Pyg,, hence the toroidal rotation profile), very
rapidly dropping to (possibly) negative values via a steep density gradient at the far edge of the
plasma, —5<E,(kV/m)<0for x>0.95, wherethe balance between its poloidal and pressure components
dominatesE,.

B) THE L-H MODE TRANSITION.

Having established in Section 8A the main features of E, during steady-state L -mode plasmas, we
now turn our attention to the radial and temporal evolution of E,(x,t) during the L-H transition. To
thisaim, we consider here JET Pulse No: 57819, where the L-H transition occurs around t=4.3sec
when Py, increases from Py g, =4MW to Pyg,=8.6MW (Fig.3 shows the main plasma parameters
for thispulse). Figures 12(a) and 12(b) show the profile E,~(x,t) (=E,p(X,t)), normalised with respect
tothetotal Pyg,+Pgre power deposition profile rpgp, for Pulse No: 57819 and the reference L-mode
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Pulse No: 58263 discussed in section 8A, respectively. Here spline fitting was used, with np(x)
computed from the measured n(x) and ng(x) maintain local charge neutrality, and E,~ was then
averaged over the effective ion orbit width, 65zg=8cm for Pulse No: 58263 and 65zg=12cm for
Pulse No: 578109, respectively. The normalisation of E, with respect to ppgpisimportant in order to
take into account possible variations in the shape of E, which would be solely due to a different
momentum input, i.e. not related to animproving (or deteriorating) plasmaconfinement. Furthermore,
the edge values of the ion density and Zg not only affect the magnitude of E (x,t) and its shape,
but similarly affect ppep(,t), hencetheratio E,/ppgp becomesless sensitiveto the detail sof Zge(x,t)
and n(x,t) than E,(x,t) alone. Here we have computed ppep(X,t)=png (X,)+pre(X,t) using abeam
deposition code [21] for the NBI component and hot-plasma wave dispersion [22] for the ICRF
component, respectively.

For Pulse No: 57819, we notice the clear increase in E,¢ at the L-to-H transition (indicated by
the black horizontal line) in the region 0.4<x<0.7 over ~200ms, with a subsequent very sudden
transient drop over ~100ms, followed by a steady increase (with no profile broadening) asV, and
Vp/n build up in the region 0.25<x<0.75. Conversely, thereis no significant difference around the
edge pedestal at the L-H transition, but thisresult relies heavily on the method used to compute the
ion density profiles. For Pulse No: 58263, we noticethe broadly flat E,/ppgp profile over theregion
0.2<x<0.8; again, the fine structure details appearing for x>0.9 depend heavily on the n- and Zg
profiles used here. Similarly, we point out that the result E.<O for x>0.75 is aclear feature of NBI-
dominated plasmas.

C) H MODE PLASMASWITH NORMAL AND REVERSED ION VB-DRIFT DIRECTION.

Theion VB-drift direction isan important parameter in determining the accessibility conditionsfor
the H-mode regime. There is clear experimental evidence that the H-mode regimeis obtained at a
lower input power level (typicaly a factor two) when the ion VB-drift is directed towards the
divertor than when it isin the opposite direction, i.e. in situations when only the magnetic field is
reversed, but not the plasma current [23]. However, recent JET data have provided evidence that
the H-mode power threshold issimilar for thetwo ion VB-drift directions across arange of magnetic
field B(T)=1.2-3.0 and low edge electron density, ne(edge)<2x1019m'3 [24]. These results have
been obtai ned when reversing both the current and the magnetic field, conserving the plasmahélicity.
Hence, the similar power threshold may be related to the different momentum input at the plasma
edge from the beam ions, including possible prompt losses, with clear implications on the edge
values of V¢(x,t) and Vp(x,t), hence E,(x,t). It isthusimportant to assess the differencein E (x,t) at
the L-H transition and during steady-state H-mode phases as function of theion VB-drift direction.
Figure 13 shows the main plasma parameters for Pulse No: 59624, a typical L-to-H mode pulse
with reversed current and toroidal magnetic field, giving riseto anion VB-drift directed away from
the strike points and the divertor target plates. We note that in JET Bo and I,are reversed together,
i.e. the plasma helicity does not change between the reversed (RBE) and forward (FBE, which is
the normal case for JET) B-field case. Figures 14(a) and 14(b) show some of the neoclassical
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collisionality factors entering the calculation of Vp, Vg and Vg, for Pulse No: 59624 and Pulse
No: 57819, to elucidate possible differences due the ion VB-drift direction. Despite the factor ~2
differencein v*iocs"3/2 in the plasma coreand in v*icxz(B/VB)2 at the plasma edge, we note that K;(x,t)
and K,(x,t) are very similar and sufficiently independent of theion VB-drift direction, thusindicating
that in both configurations the main and impurity ion species are effectively in the bananaregime.

Figure 15 shows the 3D profile E,o(x,t) (=E,p(x,t)) calculated with the E-field code: this
calculation was performed using spline fitting, with ny(x) computed from the measured n(x) and
Ne(X) using local charge neutrality, with E, normalised with respect to the total Pyg +Pgrg power
deposition profile, and averaged over the ion orbit width. Following the conventional JET sign
convention for the magnetic topology, a negative E, is now pointing outwards towards large major
radii, as it is the case with forward-B for a positive E,. We notice that the change in the ELM
behaviour at t=4.5sec, from Type-I to Type-111, only significantly affectsthe magnitude of E,(x,t) in
the region 0.6<x<0.9 due to a change in the scale lengths, reducing its peaking but only marginally
modifying itsoverall shape. In comparison with Fig.12(a), we note immediately the different shape
of E,(x,t) with the reversed ion VB-drift direction, particularly in the region 0.6<x<0.9. With the
reversed ion VB-drift direction E,(x,t) hasabroadly flat profile over the region 0.3<x<0.7, contrary
to the normal ion VB-drift direction, where E,(x,t) has a hollow radial profile towards the plasma
edge, that can be approximated with a quasi-Gaussian shape E, (X)o<exp(-(x-Xg)/Wgr?) peaked
around xy=0.6 with half-width at half-maximum of the order of Wgr=0.15.

To assessin further details the possible role of the prompt NBI losses at the plasma edge in the
reverse ion VB-drift direction, we have considered two further RBE pulses at higher B, and I,
Pulse N0:59647 with B¢/ I p:2.4T/2MA and Pulse No: 59644 with B¢/ I p=3T/3MA, respectively, in
comparison with the reference H-mode FBE Pulse No: 57819 with B¢/|p=1.7T/1.4MA, and the
reference L-mode FBE Pulse N0:58263 with B/l ,=2.7T/2.5MA. The higher | ; inthelast two RBE
pulses improves the confinement of the NBI ions at the plasma edge, hence empirically affecting
the NBI-driven density, temperature and rotation profiles. Note that the high B¢/Ip RBE pulse
(Pulse No: 59644) shows a dithering L-to-H mode transition. Figure 16(a) shows the main plasma
parameters and collisionality datafor the RBE pulses during the (steady-state for Pulse No: 59624
and Pulse No: 59647) H-mode phase, and Fig.16(b) shows the calculated orbit-width (flux-surface
averaged) radial electric field for the three RBE and the two reference FBE pulses. Here E, was
computed using spline fitting, with ny(x) obtained from the measured n-(x) and ny(x) using local
charge neutrality. The result was normalised with respect to the input Py, +Pre power deposition
profile ppep(X) (Pulse No: 59624, t=9.0sec: Pyg;=12.0MW; Pulse No: 59647, t=3.5sec:
Pngi=12.1IMW; Pulse No: 59644, t=8.5sec: Pyg,=13.7MW; Pulse No: 57819, t=8.0s: Pyg/=8.7MW,
and t=4.0sec: Pyg;=4.0MW, the H-mode and dithering L-H mode reference FBE cases, respectively;
Pulse No: 58263, t=20.0sec: Pyg,=1.7MW, PRF=4.0MW, the L-mode reference FBE case). We
notice the clear differences in the E/ppgp profile between the RBE and the FBE cases, both in
shape and magnitude, beyond those that can be accounted for by the variation in the input ppep(X).
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The FBE discharge at higher plasma current (Pulse N0:59644) has the E/ppgp more closely
resembling that of the reference FBE pulses (which moreover had both alower I, and Pyg). In
particular, we note that at low field/current E,/ppep is very flat across the poloidal cross-section,
and that it is negligible at the plasma edge. Conversely, at higher B¢/Ip the RBE pulse shows a
marked gradient in E/ppgp at the plasma edge, around x=0.9, similarly to the reference H-mode
and L-mode FBE cases, athough in the latter case the gradient is not so sharp. We also wish to
point out that indeed for this particular comparison, asindicated in Fig.16(b), the edge values of the
ion density and Z affect the magnitude of E,(x,t), but not its overall shape, and moreover the
same density profiles similarly affect ppgp(X,t). Hence theratio E/ppgp becomes less sensitive to
the Zep(X,t) and n(x,t) used in the calculation than E,(x,t) alone.

In summary, the observations reported here empirically confirm the role of the prompt NBI
losses at the plasma edge in determining the radial electric field profile. This can have important
implications for the L-H transition studies as function of the direction of the ion VB-drift, and
clearly points to the need of matching also the plasma helicity when performing multi-machine
comparison studies of the L-H transition. Hence the JET and Asdex-U results [24, 23] that have
been recently reported warrant afurther detailed comparisonin light of the different plasmahelicity
in these studies.

9 CALCULATION OF E, FOR

A) ITB PLASMAS.

In Sections 8A to 8C we have analysed the role of E,(x,t) during the transition to high-confinement
regimesin the conventional tokamak scenario, with amonotonic g-profile, hence positive magnetic
shear s=(r/g)(da/dr), typically with gy<1. These regimes are characterised by aflat pressure profile
across the core region of the plasma, which is supplemented by alarge edge pedestal (hence with
strong pressure gradients) when in H-mode. In this section we focus on the advanced tokamak
scenariosthat are used in JET, which are characterised on the other hand by anon-monotonic (or at
least very flat) g-profile with =2, hence a negative magnetic shear in the plasma core. In these
configurationsastrong pressure gradient, hence an internal transport barrier (ITB), developsaround
mid-radius, which is sometimes supplemented by an additional transport barrier at the plasmaedge
when in H-mode [2]. These configurations are precisely those where the neoclassical theory is
potentially expected to break-down, since py p=L’sin the plasmacore due to the much lower local
current density. As an example of this condition, for a typical steady-state plasma with the ITB
located around x=0.35, we have that the orbit-width averaged <pgp/L ,p>~2 in the region x<0.2,
and only well outside the ITB foot we havethat <pgp/L ;p>~0.5. Theregioninsidethe I TB location
is, strictly speaking, beyond the limits of applicability of the neoclassical theory used to deriveV¢D
and Vg, hence E,(x,t). For consistency with the approximations used in the neoclassical theory of
Ref.[7], in the following sub-sections on ITB plasmas we have therefore restricted our analysis
only to those regions where peD(x,t)/LpD(x,t):O(e).
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B) ITB PLASMAS. HIGH PERFORMANCE ITB WITH LARGE POTATO ORBITS.

As an example of a high performance ITB with large ion temperature gradient VT; we consider
now Pulse No: 61349, for which Fig.17 shows the main plasma parameters and Fig.18(a) and
Fig.18(b) show theinput datafor the neoclassical calculation of E,(x,t) at t=6.1sec, at the peak time
in T;(x,t), and at x=0.38 (R=3.35m), the ITB position, corresponding to that of the peak T;(x,t).
HereT,(x=0)=20keV and VT; reachesthe value of ~250keV/m around x=0.4, across the position of
the ITB. The data shown in Fig.18 have been computed using spline fitting, with ny(x) computed
from the measured n-(x) and n(x) using local charge neutrality, and averaging over the effective
ion orbit width 65zg(X). It should be noted here that peD(x,t):O(LpD(x,t)) for x<0.2, hence the
neoclassical theory is not strictly applicable in the plasma core. Notice the good agreement in the
shape of the calculated Vy(x,t), the difference in the region 0.3<x<0.4 being clearly due to the
orbit-width averaging, hence smoothing, of the peak VT;(x) acrossthe ITB foot.

Figures 19(a) and 19(b) show the temporal evolution of E,(x,t) and its components at t=6.1sec
and R=3.35m, around the time/foot of the I TB: we note the slow build-up of thetoroidal component
due to an improved confinement after t=6.2sec. Note the importance of a dightly different ion
density profile when comparing the pressure gradient component of E,(x,t) as calculated using
E-field and E-JETTO: the factor ~3 differencein Vpp/np around the foot of the ITB around t=6sec
is solely due to the apparently minor differencesin npy(x,t) shown in Fig.18(a)/(b), since care was
taken to usein E-field the same numerical schemeused in JETTO//NCLASSto compute the gradients
(3-pointsderivative with no additional smoothing). The effect of the orbit width averaging (evaluated
using aweighted combination of bananaand potato orbits asindicated above) is clear in smoothing
out the various gradients determining the poloidal and pressure components of E,(x,t) around the
foot of the ITB, hence affecting the balance between Vp/n and VgxBy. This can change (as
demonstrated here) the ExB shearing rate at the foot of the I TB because of the different Vpp, V4, and
Vo profiles, with implications for theories and modelling (see for instance Refs.[4] and the further
references therein) that associate improved confinement in ITB plasmas to turbulence suppression
viathe ExB shear.

C) ITB PLASMAS: HIGH PERFORMANCE ITB WITH SMALL POTATO ORBITS.

As asecond example of high performance ITB plasmas with large VT;, we now turn our attention
to Pulse No: 58094. This pulse differs from Pulse No: 61349 in that the g-profile is much flatter,
with alower gy, - Hence potato orbits are smaller, and there are less of them in Pulse No: 58094
than Pulse No: 61349: as an example, 55rg=28cm across the ITB location in Pulse No: 61349,
whereasitisonly dqgg=17cmin Pulse No: 58094. Figure 20 shows the main plasma parameter for
this pulse: here peD(x,t):O(LpD(x,t)) for x<0.2, the ITB isformed at t=6.5sec around x=0.45, and
the plasmalater disruptsat t=6.9sec. Figures 21(a) and 21(b) show the main plasmaand collisionality
parameters at t=6.6sec and R=3.48m, the position of the foot of the ITB, respectively. Here the
profiles were computed using spline fit, np(x) was obtained from the measured n-(x) and ng(x)
using local charge neutrality. Figures 22(a) and 22(b) show the components of the calculated E,(x,t)
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at t=6.6sec and R=3.48m, respectively: we note again the clear smoothing of the Vp/n and VxB,,
components due to the averaging over theion orbit width. However, the effect is much smaller that
in Pulse No: 61349, and thisis more clearly elucidated comparing the E,/ppgp profile, shownin
Fig.23(a) and Fig.23(b) for Pulse No: 61349 and Pulse No: 58094, respectively. In both these plots
the black vertical line around x=0.2 indicate the boundary region for the validity of the neoclassical
calculation, since peD(x,t):O(LpD(x,t)) for x<0.2. On the other hand, the use of the ppgp(X,t)
normalisation of E (x,t) improves significantly the accuracy of the results for x>0.8, since E,(x,t)
and ppep(X,t) have a very similar dependency on the density and Zg edge value. We clearly
notice the sudden drop and then overall increase and broadening of the E, profile at the ITB onset
for Pulse No: 61349: dueto the very largeion orbit width, E (x,t) isalso very flat in this case across
the main part of the poloidal cross section. We also notice that the region of large radial electric
field extends progressively towards the plasmaboundary as the steady-state I TB developsin time.
On the other hand, due to the much smaller ion orbit width, we notice that the E,/ppgp profileis
much more peaked in Pulse: 58094, and that the edge region x>0.8 remain characterised by values
of E,(x,t) hovering around E,(x,t)=0 asthe | TB devel ops during the steady-state heating phase. The
two clear dropsin the E,/ppgp profile for Pulse: 58094 at t=4.0sec and t=5.0sec are linked to the
appearance of the q=3 and g=5/2 surfaces around mid-radius, similarly to Pulse No: 61349 just at
the time of ITB onset. The ITB target g-value is the g=2 surface appearing around mid-radius at
t=6.0sec: this however is not associated to any change in the E,~/ppgp because the ITB onset,
increasing E,(x=0.5) compensate the drop caused by the appearance of alow-order rational g-surface.
These observations then link empirically the appearance of low-order rational g-surfaces to rapid
transient changes in the E; profile, and are as well in many aspects reminiscent of the proposed g-
comb model for the transport coefficients [25], which has recently been applied to JET data[26].

D) L-MODE, H-MODE AND ITB PLASMAS.

Inthislast Section we review and summarise the results we have obtained for the cal culated E (x,t)
during steady-state L-mode (Pulse No: 58263, t=20.0sec), H-mode (Pulse No: 57819, t=8.0sec)
and I TB (Pulse No: 58094, t=6.6sec) phases. Figure 24(a) showstheinput plasmadataand computed
neoclassical collisionality factorsfor the three pulsesand time slicesindicated above, and Fig.24(b)
showsthe computed E,~/ppep. The background plasmadata used for this cal cul ation were processed
using spline fitting, np(x) was computed from the measured n-(x) and n(x) profiles using local
charge neutrality (no normalisation using Z-r from Bremsstrahlung), and averaging over theion
orbit width. It isimmediate to note the striking similarity in the shape of the normalised E/ppgp
profile between the L-mode and ITB cases in the plasma core, up to around mid-radius. The H-
moderadial electric field isdefinitively negative for x>0.85, hovering around E,(x,t)=0 for L-mode
plasmas, and positive for ITB plasmas, although in this case there are very significant error bars.
This comparison clearly demonstrates that for a moderately reversed g-profile, where very large
potato orbits constitute only aminor fraction of thetrappedion orbits, the ExB shear doesindeed becomes
an important ingredient in generating and sustaining the I TB through turbulence suppression.
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CONCLUSIONS

In thiswork we have presented a complete eval uation of the uncertainties affecting the neoclassical
calculation of theradia electric field in JET plasmas, using a comparison between transport codes
such as JETTO and NCLASS and an analytical approximation that specifically includes the basic
features of the JET geometry (plasma elongation, flux-surface averaging) and magnetic equilibrium
(non-monotonic g-profile leading to non-standard orbits such as the potato ones). Starting from the
absolute calibration of the core CX system, we developed an analytical formulation for the error bar on
the calculated E/(x,t), which allows us to consistently assess if different numerical and modelling
approaches can lead to significant differencesin E(x,t), i.e. exceeding the expected uncertainty.

Firgt, theinconsistency intrinsic to the neoclassical theory developedin Ref.[ 7], i.e. the assumption
of aplasmamade up only of electrons, one main and one impurity ion species, may lead to serious
discrepancies in the calculated E (x,t) when using Zgg from Bremsstrahlung as a constraint to
normalise theion density profiles. Second, care should be taken when considering averaging over
theion orbit motion: for thetypical case of amonotonic g-profilewith g,~1, we have demonstrated
that such averaging over the ion banana orbit does not modify the resulting Er(x,t). On the other
hand, significant differences arise in ITB plasmas with a deeply non-monotonic g-profile (c,>5,
Oy n—2-3) when large potato orbits are present and need to be considered for averaging E,(x,t).

A question mark onthevalidity of the neoclassical calculation of E,(x,t) remains, sinceit hasnot
been clearly demonstrated whether the poloidal velocity isindeed neoclassical or anomalous. The
neoclassical calculations used in thiswork demonstrate that in certain experimental conditions|V g/
V¢|z0(|Be/ B¢|). Asan exampleof this, the poloidal component of E(x,t) becomesimportant around
the | TB location region dueto anon-exact cancellation between the Vp/n and theVequ) components.
At the plasma edge this situation is further complicated by the significant reduction in the toroidal
velocity due to lower momentum input, which in some cases casts some doubts on the sign of
E,(x,t) at the edge pedestal.

Moving now onto the physics results, we demonstrated a striking similarity in the shape of
E,(x,t) in L-mode and ITB plasmas (with aflat g-profile and gy~y;;y~2) in the plasma core and
towards the plasma boundary, although in this region uncertaintiesin the Z and density profile
and the lack of Vy measurements (or a convincing experimental validation of the predicted
neoclassical value) prevent a more detailed analysis. This demonstrates as well that when large
potato orbits are not dominant, indeed the ExB shearing rate can play asignificant rolein generating
and sustaining the transition to higher-confinement regimes through turbulence suppression. We
also demonstrated the role of prompt NBI losses when comparing H-mode plasmas with forward
and reversed ion VB-drift direction: the larger the plasma current in RBE pulses, the better the
confinement of NBI ions, the closer isthe shape of the edge E,(x,t) to that typical for the FBE case.
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Pulse No: 57819 calculated carbon poloidal velocity
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Figure1(a): The carbon poloidal velocity V- calculated
with NCLASSand using Eq.8,9(a) for the L- and H-mode
phases of Pulse No: 57819, showing good agreement in
the region 0.3<x<0.8 between NCLASS and the full
analytic approximation of Eq.8.
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Figure 1(b): The deuterium poloidal velocity VgD
calculated with NCLASS and using Egs.8,9(a) for the L-
and H-mode phases of Pulse No: 57819, showing good
agreement intheregion 0.2<x< 0.9 between NCLASSand
the full analytic approximation of Eq.8, particularly
during the H-mode phase.

Pulse No: 57819 plasma parameters (spline fit profiles)
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Figure 2: Systematic errors in the CX measurements of
Ne, Np and Zg for one of the reference calibration pul ses:
thevariouslabelsin thelegend indicate different methods
for computing the CX active volume.
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Figure 3: Main plasma parametersfor Pulse No: 57819:
here <X> indicates a volume-averaged value, and s=(r/
g)(dg/dr) isthe shear in the safety factor profile.
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Figure5(a): Comparison between the deuteriumand carbon
density profiles obtained with/out Zg-normalisation from
Bremsstrahlung for the L-mode phase of Pulse No: 57819,
which clearly illustrates the differences in the resulting ne
and n, profiles.

ne (L0 m=>) np (10¥m=3) n¢ (10 m=3)

|
0.6

© JG05.186-5a

JET Pulse No: 57819, t = 8s
6(H—mode phase) ion density profiles

O C+D only 2

1} —& Bremsstrahlung 2

\ \ \ \ o3

0 0.2 0.4 0.6 0.8 1.0
7 (¥n)

Figure 5(b): Comparison between the deuterium and
carbon density profiles obtained with/out Zgg-
normalisation from Bremsstrahlung for the H-mode phase
of Pulse No: 57819, which clearly illustrates the
differencesin the resulting ne and np profiles.
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Figure 6(b): Effect of orbit-width averaging on the computed
poloidal rotationvel ocity and toroidal rotationfrequency profiles
during the H-mode phase of Pulse No: 57819: note the
smoothing of the peaks in V- (at the plasma edge) and V
(towardsmid-radius), and thedight inward shift of the profiles.
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Figure 7(a): The effect of the various numerical schemes
used by E-field to calculate E, for Pulse No: 57819 at
t=3.5sec, during the L-mode phase. Note the clear effect
inthe plasma core of the different numerical routines used
for inter/extrapolating.

Figure 7(b): The effect of the various numerical schemes
used by E-field to calculate E, for Pulse No: 57819 at
t=7.85sec, during the steady-state H-mode phase. We
notice however the different sign of E, at the top of the
pedestal, for 0.8<x<0.9, which is due to a non-exact
cancellation between the pressure gradient and poloidal
components of E,.
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Figure 8(a): Plasma and neoclassical collisionality factors for the comparison between E, -
and E, calculated with NCLASS and E-field at t=4sec, during the steady-state L-mode phase.
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JET Pulse No: 57819 calculated E, at t = 4s (L-mode)
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Figure 8(b): Comparison between the flux-surface averaged E, - and E, calculated with NCLASS
and E-field at t=4sec, during the steady-state L -mode phase. Notethat discrepancy dueto the different
fitting of the measured V,,c and Zg- profiles, particularly at the plasma edge and in the plasma.core.
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Figure9(a): Plasma and neoclassical collisionality factorsfor the comparison between E, - and
E,p calculated with NCLASS and E-field at t=8.4sec, during the steady-state H-mode phase.
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JET Pulse No: 57819 calculated E, at t = 8.4s (H-mode)
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Figure 9(b): Comparison between E, calculated with
JETTO/NCLASS and E-field at t=8.4sec, during the
steady-state H-mode phase: <E;cp>=10kV/m with
NCLASSfor 0.85<x<0.95, but E,=0 with E-field, dueto
the different treatment of the edge pedestal in the measured
Ne and Ve profiles.
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Figure 10: The main plasma parameters for Pulse No:
58263, a typical JET L-mode pulse.
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Figure 11(a): Plasma and neoclassical collisionality factors for the comparison between E,
calculated with NCLASS and E-field at t=20.0sec, during the steady-state L-mode phase.
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Figure 11(b): Comparison between E, calculated with
NCLASSand E-field at t=20.0sec, during the steady-state
L-mode phase. For x>0.85 V,xB,=0 since V=V ,r —0,
and the balance between Vp/n and VyxB,, dominates E,,
whose value is thus largely affected by dlightly different

density profiles.
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Figure 12(a): The 3D profile E,(x,t) calculated with the
E-field code for Pulse No: 57819, here normalised with
respect to the total Pyg+Pge power deposition profile.
Thereisno significant difference around the edge pedestal
at the L-H transition, whereas the transient drop in E,
around mid-radiusis clearer.

Figure 12(b): The 3D profile E,C(x.t) calculated with the
E-field code for Pulse No: 58263, here normalised with
respect to the total Pyg +Pre power deposition profile.
Note the broad and rather flat profile for 0.2<x<0.8,
whereas the fine structures appearing for x>0.85 are not
very reliable due to their strong dependence on the ion
density and Z . profiles used in the E, calculation.
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Figure 13: The main plasma parameters for Pulse No:
59624, a JET L-to-H-mode discharge with the ion VB-
drift direction directed away from the strike points,
contrary to the standard operating scenario.
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Figure 14(b): Neoclassical collisionality factorsfor Pulse
No: 57819, the normal ion VB-drift direction case.

Figure 14(a): Neoclassical collisionality factorsfor Pulse
No: 59624, the reversed ion VB-drift direction case.
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Figure15: The 3D radial electricfield for thereversedion
VB-drift direction pulse (No: 59624). Note that the change
in the ELM behaviour at t=24.5sec, from Type-I to Type-
I11, only significantly affects the magnitude of E, in the
region 0.6<x<0.95 due to a change in the scale lengths,
reducing its peaking but only marginally modifying its
overall shape. In comparison with Fig.12(a), we
immediately note herethe different shape of E,, particularly
in theregion 0<5<x<0.9.



http://figures.jet.efda.org/JG05.186-13c.eps
http://figures.jet.efda.org/JG05.186-14a.eps
http://figures.jet.efda.org/JG05.186-14b.eps
http://figures.jet.efda.org/JG05.186-15c.eps

xl

K2

S-factor

Plasma Data Collisionality data JG05.186-16a

fyp(khz)

15
-0.8
OOO
O
S0, 00099 ooo8gagH0 05 3
50 Qop, HHooo poooooooao oo
&) IaaYaYa Nt
\ \ Stfthichd \ \ 02
O@o B0.15
10 OOOOOQ —— 59647, t=235s o
OOOOO O 59644,t=185s 9—0.10@
= 0og_ O S
5 O0og O 59624, t=10.0s aleala S

fyp(khz)

Voc(km/s)

Vgc(km/s)

1 (¥n)

Figure 16(a): Plasma and neoclassical collisionality factors for the E, comparison
between reversed ion VB-drift discharges with different values of the plasma current.
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Calculated E, for RBE and FBE plasmas 1G05.186-16b

400
300 .
X
e
200 2
5 il
£ h
= 100 o
N =
’E\ o
s 0 3
X c
N g
o
i ~100 3
2 g
~ dithering H-mode =z
Y 200 =
- 0~ RBE No: 59624 (B¢ = 1.2T/L.2MA) ©
—7~ RBE No: 59647 (By = 2.4T/2MA) 2
—k- RBE No: 59644 (By = 3T/3MA) 9]
—300— -9~ RBE No: 59819 (B¢ = 1.7T/1.4MA) o

— RBE No: 59819 (Bg = 1.7T/L.4MA)
-O- RBE No: 58263 (B = 2.7T/2.5MA)

| | |
—400 0.2 0.4 0.6 0.8 1.0

7 ()

Figure 16(b): The calculated radial electric field for the
three RBE and the reference FBE pul ses, normalised with
respect to the input ppep(X). We notice clear differences
in the E,(x) profile, both in shape and magnitude: in
particular, the FBE pulse at higher plasma current (Pulse
No: 59644) hasthe E,(x) more closely resembling that of
the reference H-mode pul se, thus empirically confirming
the role of NBI losses at the plasma edge in determining
E,(x.t).
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Figure 17: The main plasma parameters for Pulse No:
61349, an ITB pulse with a deeply non-monotonic -
profilewhere VT, reaches the value of ~250keV/maround
R=3.35m, across the ITB position.
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Figure 18(a): Plasma and neoclassical collisionality factors for the E, comparison between
E-field and NCLASSfor the ITB Pulse No: 61349, at t=6.1, the time of the peak T,(x,t).
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Figure 18(b): Plasma and neoclassical collisionality factorsfor the E, comparison between E-
field and NCLASSfor the ITB Pulse No: 61349, at R=3.35m, the position of the peak T;(x,t).
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JET Pulse No: 61349 calculated E, (t = 6.1s)
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Figure 19(a): The profile of E,(xt) and its components
for Pulse No: 61349 at t=6.1sec, showing the role of
potato orhits: theresultsare not reliable for x<0.2, since
Pap(X)=0(L,p(x,1)), and have a very strong sensitivity
on the Zr and density profilestowardsthe plasma edge,
for x>0.8.

Figure 19(b): The evolution of E,(x,t) and its components
at R=3.35m, around the foot of the ITB: note the slow
build-up of the toroidal component due to the improved
confinement.
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Figure20: Themain plasma parametersfor PulseNo: 58094,
aJETITB pulsewith aflat g-profilein the plasma core, hence
smaller potato orbitsthat those in Pulse No: 61349.
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Figure21(a): Plasmaand neoclassical collisionality factorsfor the E, comparison between
E-field and NCLASSfor Pulse No: 58094 at t=6.6sec, during the ITB phase.
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Figure 21(b): Plasma and neoclassical collisionality factorsfor the E, comparison between
E-field and NCLASS for Pulse No: 58094 at R=3.48m, the position of the foot of the ITB.
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Figure 22(a): The profile of E,(x,t) and its components
for Pulse No: 58094 at t=6.6sec: note again the clear
smoothing of the Vpp/n and VyxB,, components due to the
averaging over theion orbit width.
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Figure 22(b): The evolution of E,(x,t) and its components
at R=3.48m, around thefoot of the I TB: dueto thesmaller
ion orbit width, in this case the NCLASS and E-field
calculation are much closer.
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Figure 23(a): The 3D radial electric field for the ITB
plasma Pulse No: 61349: note the broad profile due to
the very large ion orbit width in this case, and the rapid
sequence of drop/increase/broadening of E, at the ITB
onset around mid-radius.
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Figure 23(b): The 3D radial electric field for the ITB
plasma Pulse No: 58094: here E,(x,t) ismuch more peaked
than in the comparison Pulse No: 61349, because of the
smaller potato orbits. Note as well the transient dropsin
E,(x,t) at thee appearance of low-order rational g-
surfaces around mid-radius.
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Figure 24(a): Plasma and neoclassical collisionality factors for the E, comparison between

L-mode, H-mode and I TB plasmas (small potato orhits).
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Figure 24(b): The computed E,(x,t) normalised with
respect to the input power deposition profile to take
empirically into account the different momentum input.
Note the striking similarity in the shape of E./ppgp Up to
around mid-radius between L-modeand | TB plasmas. The
H-mode radial electric field is definitively negative for
x>0.85, hovering around E,(x,t)=0 for L-mode plasmas,
and positive for ITB plasmas, although in this case there
are very significant error bars.
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